Abstract. In the present work we report results of investigations of human blood before and after radioisotope Tc 99m diagnosis by electron paramagnetic resonance (EPR) and Fourier transform infrared (FTIR) spectroscopies. It is shown that EPR can detect the concentration of methaemoglobin and transferrin ions more accurately than any other technique. FTIR spectra indicated that radiation caused conformational and concentration changes of proteins. Hierarchical cluster analysis (HCA) was created as time-saving tool for discrimination of initial and irradiated in vivo human blood samples.
Introduction
The study of blood and hemoglobin damage radiation is very important in order to understand the biological effects of ionizing radiation [1] [2] [3] [4] [5] [6] . Various physical techniques are used to determine structural damage of hemoglobin after irradiation: absorption spectroscopy, IR spectroscopy [2] , and Mossbauer and EPR spectroscopy [6, 8, 9] .
This work is one of our several investigations of the influence of ionizing radiation on human blood [2, 4, 5, 9] .
EPR is the only technique that provides direct detection of free radicals and unpaired electrons in the sample. Common examples are transition metal ions, Fe 3+ , Cu 2+ , Mn 2+ , and Co 2+ , free radicals, typically carbon-, nitrogen-, or oxygen-containing compounds [6] . Many blood proteins use metal centres to bind and react with small molecules. For example, hemoglobin contains iron and gives red blood cells their colour. The iron group in hemoglobin transports oxygen around the body. When hemoglobin binds oxygen, ion Fe 2+ does not change the charge but changes only its electronic configuration from high-spin configuration to low-spin configuration.
FTIR spectroscopy has been successfully used to determine structural changes in erythrocytes in blood samples [3] and the molecular level changes in RBC proteins due to laser irradiation [1] . Reference [5] have used FTIR spectroscopy to study changes of blood when exposed to therapeutic doses of radiation from a He-Ne laser and identified changes in the Amide A, Amide I, Amide II, and Amide III absorption regions and also in the absorption bands of methyl, methylene, and phosphate groups. Our previous studies showed that resonance Raman scattering and FTIR spectroscopy indicate the irradiation effects on blood hemoglobin [4] .
The aim of this study was to investigate the influence of irradiation on human blood by EPR and FTIR spectroscopy.
Materials and Methods
In present work we study the blood of patients before and after radioisotope Tc 99m diagnosis by electron paramagnetic resonance and Fourier transform infrared spectroscopies.
The samples of blood were received from the Nuclear Medicine Department, P. Stradins Clinical University Hospital of Latvia, from patients under medical treatment. Venous blood was donated by consenting patients before and after radioisotope Tc 99m diagnosis and collected under air in glass tubes containing a small amount of heparin used as an anticoagulant. Radioactive pharmaceutical Tc 99m was injected into the patients, and venous blood samples were taken before injection and in two hours after diagnosis. Blood without any anticoagulant was also tested and showed no difference with respect to sodium citrate-treated or heparin blood. Samples for EPR measurements were immediately frozen in liquid nitrogen.
The EPR spectra of frozen blood were measured on a BRUKER EMX-6/1 spectrometer equipped with an Aspect 2000 data system. An ER 4102 ST Universal X-Band Resonator (TE102 mode) was used. The g-factors of EPR signals were determined by reference to the external magnetic field value measured by a Bruker ER 035 Gaussmeter and the microwave frequency measured by a Systron Donner 6235A frequency counter. The EPR signal intensities in blood were measured against fixed standard signals using the standard crystal MgO (Cr 3+ ) placed in resonant cavity. The spectra were recorded at microwave power 6.2 mW, applying magnetic field modulation of 100 kHz and amplitude 1 mT. One spectrum is obtained averaging 20 scans with receiver time constant at 25 ms.
FTIR analysis was performed using 1-6 μL of initial (control/pre-radiation) and blood after radionuclide diagnosis water suspension poured out by drops on a 384 place silicon plate and dried at T < 50 • C. Absorption spectra were recorded on an HTS-XT microplate reader (Bruker, Germany) over the range 4000-400 cm −1 , with a resolution of 4 cm −1 . Spectra recorded in absorption range 0.25-0.80 (the intensity of absorption band is proportional to the concentration) were used for quantitative analysis [9] . Data were processed by OPUS 6.5 using spectra 2nd derivatives, integration and HCA.
Results
We report results of investigations of blood of patients before and after radioisotope Tc 99m diagnosis by EPR and FTIR spectroscopies. The important parameter of EPR spectra is g-factor. The g-factor of an EPR sample determines the position in the magnetic field (at a given microwave frequency) where an EPR transition will occur:
where h is Planck's constant, ν is microwave frequency, β is Bohr magneton, and B 0 is magnetic field. The EPR spectra of patients' blood before radioisotopes diagnosis consist EPR signal with gfactor 4.3 due to transferrin Figure 1(a) . The EPR spectra of patients' blood after radioisotopes diagnosis consist of EPR signals with g-factor 4.3 due to transferrin and g-factor 6.0 due to methemoglobin in high spin state (Figure 1(b) ).
Methemoglobin (ferric form of hemoglobin) is the form of hemoglobin when iron Fe 2+ in the heme is oxidized to the Fe 3+ ferric state [Ar]3d5 due to influence of ionizing radiation. This form of hemoglobin is not able to bind oxygen. This compound is unable to deliver oxygen to tissues; therefore, it is advantageous to convert this Fe 3+ form of hemoglobin into the Fe 2+ ferrous state so that tissues can get the oxygen that they need.
IR spectra profiles (Figure 2) showed variations in the overall composition of blood samples from different patients, like high total carbohydrate (mainly glucose) or lipid concentrations that are known to be characteristic or variable for particular patients. Evaluation of spectra profiles showed that in irradiated blood samples the concentration of proteins was lower while the concentration of lipids increased. This was in agreement with the results of quantitative analysis. For example, the protein concentration in the initial sample was of 59% dry weight (DW) and 52% DW after irradiation and lipid concentration of 1% DW and 2.3% DW, correspondingly. On the basis of our previous studies [5] as discriminative for irradiation effects were chosen Amid I and II bands of proteins.
The ratio of Amid I (1657 cm −1 , β-sheet conformation) and Amid II (1544 cm −1 α-sheet confirmation) band intensities was significantly higher in the initial samples. This indicates the change of protein configuration-dominant of α or β sheet confirmations, as the Amide I peak centered shifts down indicate the change in the overall protein conformational state within the cell [2] . Further HCAs using various discriminative regions were created. The dendrogram of HCA using vector normalization, 2nd derivative spectra in region 1775-1482 cm −1 , and Ward's algorithm is shown in Figure 2 . It can be seen that HCA clearly discriminated initial and irradiated samples confirming the radiation-caused changes in the blood.
Conclusions
Evaluation of FTIR spectra indicated the influence of ionizing radiation on the blood biochemical composition. HCA was shown to be useful for quick discrimination of initial and irradiated blood samples. Thus, FT spectroscopy was shown to be a quick and informative method with several advantages in comparison with conventional biochemical methods. Taking into account that FTIR spectroscopy is a quick and highly informative method that needs small amounts of sample (in our case even few microliters) and when using microplate reader even no sample pretreatment is necessary, it is very promising for studies of irradiation effects on blood cells. Evaluations of EPR spectra data show that methemoglobin level in the blood of patients after radioisotope Tc 99m diagnosis is higher than before diagnosis. We assume that ion Fe 2+ heme hemoglobin is oxidized to the Fe 3+ heme by radiation. The heightened level of methemoglobin is a subject for investigation since it has a significant role in vital functions of the human organisms. EPR can detect the concentration of methemoglobin ions more accurately than any other technique.
